The deoxyoligonucleoti
INTRODUCTION
The mutagenic base, 5-bromouracil, is an analogue of thymine and as such is incorporated at about the same rate by DNA polymerase opposite template adenine.
Bromouracil, however, has a much greater tendency than thymine to mispair with guanine and its mutagenic effect was originally ascribed to this property (1) .Although other mechanisms are known to operate (Reviewed in (2) , it has been conclusively demonstrated that the U.G mismatch is a major source of bromouracil induced transition mutations (2, 3, 4, 5) .
Recent experiments with synthetic templates and T4DNA polymerase Br (4) have shown that d UMP is misinserted opposite G at a frequency of about 1% in competition with the correct substrate dCMP.
Proofreading removes bromouracil with an efficiency of 82%, leading to an overall mis incorporation rate of 0.16%. Under similar conditions, misinsertion of thymine is too small to be measured.
Despite intense interest in the mutagenic properties of 5-bromouracil, the exact nature of the U.G mismatch which gives rise to transition mutations has not yet been established.
Three mechanisms have been put forward: tautomer shift, ionisation and base stacking.
The first model was originally suggested by Watson and Crick (6) who proposed that spontaneous mutations might be due to the occasional occurrence of a purine-pyrimidine pair with a base in one of its minor tautomeric forms.
In this scheme, the rare enol form of thymine forms a three hydrogen bond base pair with guanine, but can not pair with adenine. Figure la illustrates the putative Br U(enol).G base pair. Spectroscopic investigations (7) indicate that some halogen substituents at the 5 position of uracil shift the keto-enol equilibrium towards the enol side, an observation which has been used to explain the mutagenic properties of 5-bromouracil (8) .
Because of the low abundance of the enol form the tautomer model is difficult to test.
According to the ionisation model ( Figure. lb) the electronegative bromine substituent induces ionisation at the N-3 position of uracil, thereby producing a configuration that is more likely to pair with guanine than adenine (9) . Indeed the pKa value at the N-3 of the model compound 1-methyl 5-bromouracil is 7.8, so at physiological pH a significant proportion of ionised species is present.
In contrast the corresponding pKa for 2'-deoxythymidine is 9.9.
In the base stacking model (10) the proposed U.G mismatch adopts the wobble configuration (Figure.lc The close contacts between halogen atoms and pyrimidine rings of neighbouring bases observed in the crystal structure of 5-bromouracil (10) give support to this model. As part of a programme of investigating DNA fragments containing non complementary bases and other modifications, and in order to ,Br,
a self complementary hexamer which forms a duplex with DL U.G mismatches as terminal base pairs. The sequence was chosen because of its similarity to the Z-DNA hexamer d(C-G-C-G-C-G) studied by Rich and co workers at 0.9? resolution (13) and which yielded by far the most detailed structure of any DNA fragment yet examined. It was necessary in the present case to aim for high resolution to detect a mixture of different base pair configurations at the mismatch site.
EXPERIMENTAL Crystallisation and data collection
The hexanucleotide was synthesised by solid phase triester methods (14) and purified by ion exchange chromatography and hplc. It was crystallised above pH 8 so as to increase the proportion of the N-3 ionised form without significantly ionising N-2 of G (pK 9.8). A 14 p 1 droplet containing DNA (2 mM duplex), magnesium chloride (20 mM) and spermine tetrahydrochloride ( 2mM_) all made up in a mixture of TRIS hydrochloride (50mM_) and sodium acetate (25mM_) buffered to pH 8.4 was placed in a crystallisation well and cooled from 18°C to 4 C.
Vapour diffusion from an external well of 5% isopropanol in water produced crystals which attained a maximum size of 0.1 x 0.1 x 0.2 mm after two weeks. These crystals were too small to diffract to high resolution. Numerous attempts to increase their size were unsuccessful. Moreover, at higher pH, it was not even possible to grow crystals of this size.
The pH of a solution containing all the components of the crystallising mixture, except DNA, and with 5% isopropanol, was measured on an accurate pH meter and found to be 8.2. Crystals of d( U-G-C-G-C-G) were isomorphous with the parent Z DNA hexamer (13) and with d(T-G-C-G-C-G), a hexamer containing two G.T mismatches, which is currently being analysed at a resolution of 1.5A 1 (15) 
RESULTS AND DISCUSSION
The refined structure, illustrated in Figure 2 is in the left handed Z-DNA conformation, with dinucleotide repeat units. The average torsion angles are given in Table 1 . They do not differ significanty from average values of Z-DNA hexamers, containing complementary base pairs only.
The glycosidic torsion angle 6 is anti for pyrimidines (-144°) and syn for purines (+71°). Similarly the torsional angle defining the sugar ring pucker X alternates between 142° for pyrimidines and 89° for the purines. The average helical twist is 62.0° and the rise 7.4A* between the repeat units. The backbone adopts the Z_ conformation except for the second GpC step of one strand, which is in the Z.. conformation. Such variations have been observed in other Z hexamer structures, and are dependent on the solvent environment around the phosphate groups (19) . There are no clear differences in the local torsional angles around the normal Watson Crick and the mismatched base pairs. It appears that the Main chain torsional angles are defined by:
The first figure in each column refers to a pyrimidine and the second to a purine pair.
* Not including the 3' terminal residues, G6 and GI2 \ Not including the GpC step in the Z.. conformation JJj.
inclusion of two U.G wobble base pairs does not greatly perturb the global conformation of the double helix.
Equally good fit of G.T wobble base pairs was observed in another Z hexamer (12, 15) in two A-DNA octamers, (11, 19) and in a B-DNA dodecamer (12) . Full details of the individual torsional angles, base stacking and solvent structure for the hexamer will be presented elsewhere. In the present communication we confine the discusssion to the nature of the mispairing at the mismatch sites. The U.G base pair, illustrated in Figure 3 , is a typical wobble pair, similar in structure to the G.U pair observed in several tRNA crystal structures (20, 21) and the G.T pair found in various oligonucleotides both in the solid state (9,10,) and in nmr solution studies (22) . Hydrogen bonds of length 2.78 and 2.98 (averaged over the two mismatched bases) connect N-l of G with 0-2 of Br U and the N-3
of Br U with 0-6 of G respectively. There is a substantial shift of the bases from their position in a standard Watson-Crick pair.
The displacement of the u into the major groove resembles that of thymine in the G.T mismatched stuctures referred to above.There is no indication of any disorder at the mismatch sites in the electron density maps calculated at the R T" Figure 3 U_G wobble base pair observed in the crystal structure of d( U-C-G-C-G-C). Note the two water molecules hydrogen bonded to the functional groups of the bases.
end of the refinement, and examined on a PS 300 graphics system. Thus the tautomer (Figure la) or the ionised (Figure lb ) pair could only be present in extremely small proportions. The fact that the ionised base pair could not be detected in this specific structure, despite the high pH of the crystallisation mixture, suggests that the pKa of the N-3 atom of U is substantially increased when this base is incorporated into a DNA helix. The instability of the ionised pair may be due to the close proximity of two hydrogen acceptors,the 0-4 of bromouracil and the 0-6 of guanine,(approx 2.88) that results from such a rearrangement. Neverthless, we cannot entirely discount the possibility that either the tautomer or the ionised form of bromouracil is involved during DNA synthesis, since only 1% of the base need to be present in this form to account for its high frequency of misinsertion.
Br If the U.G wobble pair formation is a valid model for incorporation into DNA leading to transition mutations, what are the factors which characterise its mutagenic properties? Since the U.G and T.G wobble base pairs are essentially isosteric, increased incorporation of bromouracil is unlikely to result from structural differences between the two mismatches. Once Br incorporated,however, the U.G base pair may be more stable and escape detection more frequently. There are indications in support of this suggestion since DNA duplexes containing BrU.G base pairs have higher Tm values than the corresponding helices The view direction is perpendicular to the best plane betwen the two base pairs. Solid lines indicate the base pair nearest to the viewer. with T.G base pairs (23) . As can be seen there is indeed improvement of stacking, compared with the native hexamer (13) . This could be a result of more favourable stacking interactions or more stable inter-base hydrogen bonds. Fig 4 illustrates the stacking of the Br U.G base pair on the adjacent G.C pair in the same helix in the 3 1 direction and the intermolecular stacking Br with the U.G base pair in the 5'direction. We are currently synthesising a number of deoxyoligonucleotides containing different base pair mismatches to test further this hypothesis, and are refining several related mismatched structures. These
